We performed a screen for signaling genes by selecting mutant strains of Dictyostelium that fail to develop spores in a pure population but sporulate well in chimerae with wild type cells. We found 9 strains whose sporulation was induced up to 10 million-fold in chimerae. Most strains were also able to sporulate in chimerae with each other, but 2 pairs failed to do so, suggesting that the genes in each pair participate in the production of 1 signal. One of the pairs, comD and comB, is described in detail. Sequence analysis revealed that both genes encode putative membrane proteins. ComD is predicted to have 15 transmembrane domains, and ComB has a region of high similarity to the Rab family of small GTPases and 1 transmembrane domain. Similarities between the developmental regulation and cell-type specificity of the genes' expression, the terminal developmental morphology, and the expression pattern of cell-type specific markers in the mutants suggest that comD and comB participate in 1 signal production pathway. This idea is also supported by a high similarity between the global transcriptional profiles of the mutant strains. Differences between the mutant phenotypes late in development suggest that comD and comB participate in separate processes as well. comD has a cell-autonomous role in the specialization of a novel prespore cell type, whereas comB has a cell-autonomous role in prestalk A cell differentiation.
Introduction
Intercellular communication is a critical component in the development of multicellular organisms. For example, the metazoan body plan is controlled by signaling pathways involving Notch, Hedgehog, TGF-␤, and Wnt-1 (Artavanis- Tsakonas et al., 1999; Massague and Chen, 2000; McMahon, 2000; Yamaguchi, 2001) , and mutations in these pathways can result in severe embryogenic abnormalities and tumorigenesis (Du et al., 1995; Schier and Shen, 2000; Wong et al., 1994) . Several metazoan intercellular communication mechanisms have close homologues that play important roles in the development of multicellular protozoa, such as Dictyostelium discoideum. For example, Dictyostelium cells utilize the dual-function ␤-catenin protein and the protein kinase GSK-3 to transduce signals from G-proteincoupled 7-transmembrane receptors (Coates and Harwood, 2001; Grimson et al., 2000; Harwood et al., 1995; Kim et al., 1999) , much like the integration of Wnt-1 signals in metazoans (Malbon et al., 2001) . Defects in the Dictyostelium pathway result in aberrant cell-type proportioning and morphology.
The starvation-induced mechanism of Dictyostelium development is a highly coordinated process that involves several well-studied intercellular communication mechanisms. For example, the extracellular signaling proteins PSF and CMF mediate the starvation response at the onset of development (Clarke and Gomer, 1995) . Aggregation of cells into multicellular mounds is facilitated by secreted cyclic AMP (cAMP) (Bonner, 1983) , and the aggregate size is determined by another intercellular communication mechanism (Roisin-Bouffay et al., 2000) . Following aggregation, the cells differentiate into two major types, prestalk and prespore, and the prestalk cells sort to the apex of the mound and form a tip (14 h). With the tip in the lead and the prespore cells in the posterior, the mound elongates to form a finger (16 h) or a migrating slug. The proportion of prespore (70%) to prestalk (30%) cells is probably maintained by a lateral inhibition mechanism (Loomis, 1993; Shaulsky and Loomis, 1993) . The differentiated cell populations are inhomogeneous and consist of about five subtypes of prestalk cells (Early et al., 1993; Jermyn et al., 1989 Jermyn et al., , 1996 Sternfeld and David, 1982) . There is also evidence for the existence of two prespore cell subtypes (Buhl et al., 1993; Dynes et al., 1994; Haberstroh and Firtel, 1990) . The action of the prespore-produced intercellular signal DIF-1 is essential for the differentiation of one of the prestalk subtypes, PstO, demonstrating the need for intercellular communication in the process of subtype specialization as well (Kay and Thompson, 2001 ; Thompson and Kay, 2000) . Communication via secreted cAMP continues to shape the developing organism after cell-type divergence through stage-specific and cell-type-specific proteins that are responsible for cAMP production and reception (Anjard et al., 2001; Firtel and Chung, 2000; Meima and Schaap, 1999; Pitt et al., 1992) . Finally, toward the end of development, the prestalk cells descend through the prespore cell mass, vacuolize, and deposit a cell wall while forming a cellular stalk (20 -24 h) . Stalk elongation combined with prespore cell motility raises the prespore cells away from the substratum, leading to the formation of a lollipopshaped fruiting body. At that time, the prespore cells desiccate, deposit a rigid cell wall, and differentiate into spores. This terminal process is also regulated by intercellular communications where prestalk cells synthesize and secrete sporulation-inducing factors that coordinate stalk formation and sporulation (Anjard et al., 1997 (Anjard et al., , 1998 Richardson et al., 1994; Shaulsky et al., 1995) . Additional signaling mechanisms have been described or have been proposed to operate in Dictyostelium development (Kessin, 2001) , and it is clear that we do not understand the molecular basis for most of them.
Previous studies in unicellular organisms have demonstrated the utility of forward genetic approaches to discover intercellular communication mechanisms. In those systems, signaling genes are defined by mutations that render the cells incapable of developing in a pure population. An important characteristic of such genes is that the developmental defect is alleviated when the mutant is developed in chimerae with wild type cells (i.e., the mutation is non-cellautonomous). Studies in the bacteria Myxococcus xanthus showed that cell-cell interactions are required for proper morphogenesis and developmental timing and that signaling-defective mutations result in aberrant development (Kaiser et al., 1985) . Similar studies in Dictyostelium showed that aggregation is mediated by several distinct communication mechanisms (Sussman, 1954; Sussman and Lee, 1955) , resulting in the identification of mutant strains that cannot develop in a pure population but are capable of development in chimerae with wild type cells or with other mutants. It is reasoned that two synergizing mutants are defective in one signaling pathway if they fail to synergize with each other. For example, imagine two signals (S A and S B ) that are essential for development and are produced by genes G A and G B respectively. A strain mutated in gene G A (G A Ϫ ) lacks signal S A but can make signal S B and a strain mutated in gene G B (G B Ϫ ) lacks signal S B but can make signal S A . In that situation, a chimera of G A Ϫ and G B Ϫ will develop well because signal S A will be provided by strain G B Ϫ and S B will be provided by G A Ϫ . On the other hand, if both genes G A and G B are required for the synthesis of S A , the chimera would still lack S A and development will fail. It was shown that many of the signals of the above type are carried by small diffusible molecules (Sussman, 1954; Sussman and Lee, 1955) but the same logic would apply to other types of extracellular signals. The genes and molecules that participate in those signaling pathways were not described due to a lack of molecular cloning tools at the time.
More recent analysis of individual mutants demonstrated the presence of intercellular communication genes and the amenability of the system to genetic analysis. For example, the mutant chtA Ϫ cannot sporulate in a pure population but can sporulate well and even take over the prespore population in chimerae with wild-type cells (Ennis et al., 2000) . In addition, some communication mutations have both cellautonomous and non-cell-autonomous functions. For example, mutations in the cAMP receptor gene carB or in the protease/ABC-transporter genes tagB or tagC result in a cell-autonomous lack of PstA cells and a non-cell-autonomous sporulation defect (Saxe III et al., 1993; Shaulsky et al., 1995 .
We have applied molecular genetic methods to Sussman's general approach and performed a large-scale mutagenesis screen for strains that cannot form spores in a pure population but can sporulate in chimerae with wild type cells. We identified nine strains that cannot sporulate on their own but exhibit a marked increase in sporulation when developed in chimerae. We grouped the strains based on their ability to synergize with each other and identified a pair of mutations, comD Ϫ and comB Ϫ , that appear to function in one signaling pathway because they fail to synergize with each other. Detailed analyses suggest that comD and comB participate in a common pathway early in development and have divergent functions later on. Further evidence in support of the common function are (1) both genes are expressed after 4 -6 h of development, (2) their expression becomes enriched in prestalk cells, (3) mutations in either gene result in a non-cell-autonomous sporulation defect, and (4) transcriptional profiling of the mutants with a microarray reveals great similarities between the strains. The divergent functions of comB and comD are revealed by cell-autonomous defects. comD Ϫ cells are defective in the differentiation of a novel population of prespore cells, whereas comB Ϫ cells have a cell-autonomous defect in the differentiation of the most anterior prestalk population, PstA.
Materials and methods

Strains and growth conditions
Dictyostelium discoideum strains used were AX4 (wild type) (Knecht et al., 1986) , HL328 (AX4 pyr5/6) (Kuspa and Loomis, 1992) (Wang and Kuspa, 2002) . Genetic nomenclature and strain designation are as proposed by the Dictyostelium nomenclature committee: http://dictybase.org/Nomenclature%20proposal.htm.
Cells were grown in suspension in HL-5 medium or on SM agar plates in association with Klebsiella aerogenes (Sussman, 1987) . HL-5 was supplemented with G418 (10 g/ml for selection and 5 g/ml for maintenance), uracil (20 g/ml), and blasticidin (5 g/ml during selection) as required.
Mutagenesis
REMI mutagenesis (Kuspa and Loomis, 1992) was performed as described . Mutant strains were collected in pools of 100 -350, propagated in HL-5 to a density of 2 ϫ 10 6 cells/ml, washed, deposited on nitrocellulose filters at a density of 3 ϫ 10 6 cells/cm 2 , and developed for 48-72 h (Shaulsky and Loomis, 1993) . Cells were collected, dissociated, resuspended in detergent (20 mM K/K2 phosphate buffer, 10 mM EDTA, 0.1% NP40, pH 7.1), and disaggregated by trituration through an 18-gauge needle to eliminate non-spore cells. Spores were washed, resuspended in a 20 mM K/K2 phosphate buffer, pH 7.1, and counted. Two hundred visible spores were plated on SM agar plates with Klebsiella aerogenes, plaques were examined after 3-8 days, and strains with aberrant morphology were propagated and tested clonally.
Synergy tests
Two strains were mixed in equal proportions and codeveloped as chimerae, spores were selected and plated as above, and their genotypes were determined from the phenotypes of the resulting plaques.
Gene cloning and sequence analysis
REMI disrupted genes were cloned as described (Kuspa and Loomis, 1992; . Insertions were verified by Southern blot analysis and recapitulated into fresh hosts (Kuspa and Loomis, 1992) . comD and comB cDNAs were cloned from a Lambda Zap cDNA library (Shaulsky et al., 1995) with probes from the REMI-rescued plasmids and with a 5Ј RACE kit (Gibco BRL) according to the manufacturer's recommended protocol on a sample of RNA made from wild-type cells after 14 h of development. Full gene sequences were assembled from the public Dictyostelium Genome Project Web sites. The comD and comB sequences were verified by direct sequencing of genomic and cDNA clones.
The comDEcoRI disruption vector was generated as follows: two PCR products were amplified from a ClaI plasmid rescue of the IS320 allele with the following sets of primers (1 ϩ 2; 3 ϩ 4): (1) CGAATTCAGACATTAAAC-CACCG (EcoRI site underlined), (2) GCGGATCCAAC-TATTGAAGATCCACTC (BamHI site underlined), (3) CGAATTCCAATGGACTCATCAGC (EcoRI site underlined) and (4) GCGGATCCAATGAATCACCTGCTG (BamHI site underlined). PCR products were digested with EcoRI, ligated, reamplified by PCR with primers 2 and 4, digested with BamHI, and ligated to BamHI-linearized pBSR1 or BamHI-linearized pRHI13 (Insall et al., 1994b) after removal of the EcoRI site. These vectors were used for comD disruption in AX4 and HL328. The comDClaI plasmid rescue product from the resulting AX4 comD Ϫ strain was used for all subsequent disruptions. 32 P-labeled DNA and RNA probes specific for comD and comB (see Fig. 2 ), cotB (Fosnaugh and Loomis, 1989) , ecmA (Jermyn et al., 1987) , and cprD (Souza et al., 1998) were prepared as described (Shaulsky and Loomis, 1993) . Strand-specific RNA probes for comD and comB were made by in vitro transcription with 32 P-UTP. The comD cDNA probe was generated from a 1.8-kb ClaI fragment (nucleotide position 631 to 2446) of the full-length cDNA in pBluescriptSKϪ (Stratagene). Double-stranded cDNA probe p1 and sense RNA probe p3 were generated from a 1-kb HindIII comB cDNA fragment (nucleotide position 5169 to 6270) subcloned into pGEM3 (Promega). Antisense RNA probe p2 was made from a lambda Zap cDNA clone that contains all the nucleotides from position 2206 through the end of the cDNA.
␤-Galactosidase staining
Cells were developed on white nitrocellulose filters, fixed in 3.7% formaldehyde, permeabilized with 0.1% NP-40, stained with X-gal, and counterstained with Eosin Y as described (Shaulsky et al., 1995) .
In situ RNA hybridization
Staining was performed as previously described (Escalante and with minor modifications. AX4 cells were developed on 20 mM potassium phosphate buffered 1% agar, pH 6.1, collected every 2 h from 14 to 24 hours of development, pooled, and stored in methanol at Ϫ20°C. Digoxygenin-labeled riboprobes (see Fig. 2 ) were made with the DIG-RNA labeling kit (Roche) according to the manufacturer's recommended protocol. Structures were incubated with 1:1000 anti-DIG, alkaline phosphatase-conjugated antibody at room temperature for 2 h, washed, and stained with 340 g/ml nitroblue tetrazolium chloride and 175 g/ml 5-bromo-4-chloro-3-indolylphosphate p-toluidine (Gibco BRL) as described .
Northern blots and microarrays
Cells were collected and resuspended in TRIzol reagent (Invitrogen), and RNA was extracted according to the manufacturer's recommended protocol. Northern blots were performed as described (Shaulsky and Loomis, 1993) , except that the gels contained 0.65 M formaldehyde, were processed and transferred in 10ϫ SSC, pH 7.0, and the size marker was "0.24 -9.5 kb RNA Ladder" from Invitrogen (3 g). Each lane on the Northern blots was loaded with 5 g of total RNA.
Sample collection and expression array analyses were performed as described (Van Driessche et al., 2002) .
Results
A genetic screen for communication mutants
In order to identify intercellular communication genes that function in Dictyostelium development, we sought mutant strains that sporulate in chimerae with wild-type cells but not in a pure population. Mutagenesis was performed by REMI (Kuspa and Loomis, 1992) , and mutant strains were pooled and developed as a mixed population. After 48 h of development, viable spores were selected by detergent treatment in order to eliminate strains that did not sporulate due to cell-autonomous defects. We plated the spores clonally on growth plates, isolated strains with aberrant morphology, and focused on those strains that made few or no spores on their own.
Overall, 15,000 independent mutant clones were screened, yielding 123 mutants with morphological defects. We chose strains that exhibited poor sporulation and tested their sporulation in chimerae with wild type cells. We found 9 strains that are incapable of sporulating in a pure population but exhibit a 10-to a 10 million-times higher level of sporulation when developed in chimerae with wild type cells. Seven of the strains are described in Table 1 and the other 2 will be published elsewhere.
If two strains are incapable of sporulating in a chimera, they may be defective in elements of one pathway. We therefore performed pairwise chimeric analysis on the nine strains and found two pairs that failed to synergize (Fig. 1 , and data not shown). We named two of the respective genes comD and comB. Fig. 1 ). In contrast, comD Ϫ and comB Ϫ cells do not sporulate when mixed with each other, whereas all of the other strains isolated in our screen are able to synergize with each other and with comD Ϫ and comB Ϫ cells (Table 1 , Fig. 1 ). We therefore suspect that comD and comB are elements in one signaling pathway required for sporulation.
Sequence analysis of the comD and comB genes
comD is predicted to encode a 1175-amino-acid protein with 15 putative membrane-spanning domains between amino acids 595 and 1083 ( Fig. 2A) . Comparison with public databases revealed limited similarity to the transmembrane region of the ABC transporter protein family.
The original comD mutation (IS320, Fig. 2A ) resulted from a deletion of approximately 2 kb of the coding sequence downstream of the insertion site and an undetermined length of DNA outside the coding region. We therefore generated a new insertion site 1.3 kb downstream of the predicted translational start site with a deletion of 100 nucleotides within the coding sequence (comD, Fig. 2A ). The sporulation, terminal morphology, and ability to synergize were indistinguishable between the two strains (data not shown). Subsequent experiments were performed with the new insertion vector.
comB is predicted to encode a protein of 2107 amino acids with a single predicted membrane spanning domain between amino acids 1452 and 1488 (Fig. 2B ). The amino terminus of the predicted protein exhibits a high similarity to the Rab protein family of small GTPases (amino acids 1-200) (Fig. 2B and C) . Despite the high degree of sequence similarity, the ComB protein may not bind GTP effectively due to several critical amino acid variations in the putative nucleotide binding domains, especially the phenylalanine (F) in consensus position 72, the cysteine (C) in position 130, and the leucine (L) in position 162 (Fig. 2C) .
The original comB disruption (nucleotide 1298) and the insertion in the null allele DG1016 (nucleotide 2076) occurred between the Rab domain and the putative transmembrane domain (Fig. 2B) , and the two strains have identical phenotypes (data not shown).
Developmental regulation of comD gene expression
Expression of the 4.4-kb comD mRNA in wild type cells is first observed at 4 h of development, peaks at 8 h, declines, peaks again at 16 h of development, and declines thereafter (Fig. 3) . The pBSR1-mediated comD disruption resulted in markedly decreased levels of comD mRNA, and in a change of the transcript size from 4.4 to about 6 kb ( Fig.  3) . Interrogation of the Northern blot with a probe from the blasticidin resistance gene revealed that the larger transcript is a read-through transcript which includes sequences from the disruptive plasmid (data not shown). We therefore made a pyr5/6 insertion at the same site and found a complete lack of comD mRNA, indicating that the insertion generated a null allele. Since the morphological and synergy phenotypes of the strains were identical to each other and to the deletion phenotype observed in the original strain, all the mutations are likely null alleles (data not shown).
Expression of comD in the wild type began at 4 h, several hours before the morphological arrest and sporulation defect became evident in the mutant strain. Thus, comD may have both early and late developmental functions. This notion is consistent with the bimodal pattern of comD expression in the wild type (Fig. 3) .
The comB gene is transcribed in both sense and antisense orientations
Northern blot analysis with a double-stranded cDNA probe (probe p1, Fig. 2B ) against the 3Ј end of the comB gene revealed two developmentally regulated transcripts in the wild type (Fig. 3, comB p1) . One of the transcripts was about 7 kb in size, consistent with the size of the longest open reading frame (ORF), and was expressed at very low levels compared with the other transcript (Fig. 3 ). This larger transcript was more readily visible with the antisense RNA probe p2 (Fig. 2B) , which detected only the large transcript in wild-type cells. The larger comB mRNA was observed from 4 h through 24 h of development, with expression peaking at 8 h and again at 18 h. The smaller transcript is expressed in wild-type cells from 6 h through 24 h of development, peaking at 10 h (Fig. 3, p1) . A search of the Dictyostelium genome database failed to reveal more than one comB locus, suggesting that the two transcripts originate from one gene, but the expression patterns suggested that the two transcripts are regulated independently through alternative promoters or by posttranscriptional processing. We tested these possibilities with single-stranded RNA probes. The antisense probe p2 (Fig. 2B ) hybridized with the larger transcript (Fig. 3, comB p2) but not with the smaller transcript (not shown), indicating that the larger mRNA was transcribed in the sense orientation. The sense probe p3 (Fig. 2B ) hybridized with the 2.4-kb transcript (Fig. 3, comB p3 ), but not with the 7kb transcript (not shown). This finding indicates that the 2.4-kb RNA was transcribed in an antisense orientation from the 3Ј end of the comB ORF. Sequence analysis of the antisense strand of comB failed to reveal a long ORF, so the antisense transcript is unlikely to encode a protein. Expression of comB in the wild type began at 4 -6 h, several hours before the morphological arrest and sporulation defects become evident in the mutant. Thus, comB may have both an early and a late developmental function.
The comB Ϫ strain expressed two transcripts detectable with cDNA p1, one longer than 7 kb and the other about 2.4 kb (Fig. 3, comB) . Analysis with a probe from the blasticidin resistance gene revealed that the larger transcript was a read-through transcript, including sequences from the disruptive plasmid. In comB Ϫ cells, the 2.4-kb transcript size was unaltered, but the transcript was overexpressed relative to the wild-type levels (Fig. 3, comB p1) . comB Ϫ cells expressed a read-through transcript, containing sequences of the disruptive plasmid, but the comB transcript was un- Tight aggregate gi͉1617552͉NsdD P ϭ 4e-07
a Average and standard deviation on the number of viable spores; n ϭ number of independent experiments done. b Fold increase is the % sporulation in the presence of wild type divided by % sporulation in a pure population and multiplied by 2 to account for the presence of 50% wild type cells in the chimerae. In cases where the cells do not sporulate at all in a pure population, the fold of induction is calculated as the least fold of increase assuming that the pure mutant population produced one spore. detectable in strain DG1016, and the two strains were phenotypically indistinguishable (data not shown). We therefore conclude that both mutations are likely null alleles.
Regulatory relationships between comD and comB
One possible cause for the inability of comD Ϫ and comB Ϫ to synergize is that one of them is required for expression of the other. We tested this possibility by Northern blot analysis (Fig. 3) . The comD transcript was expressed at wild type or at mildly increased levels in comB Ϫ cells, but the latter did not exhibit a decline in expression at 22 and 24 h of development, presumably because the comB Ϫ cells do not undergo terminal differentiation (Fig.  3) . We therefore conclude that expression of comB is not required for the expression of comD. We also found that comD Ϫ cells expressed both sense and antisense comB transcripts, suggesting that comD is not required for comB gene expression. In fact, comD Ϫ cells expressed elevated levels of the comB sense transcript. Interestingly, the level of expression of the antisense transcript was increased in both comD Ϫ and comB Ϫ strains, supporting the idea that the two genes participate in one pathway (Fig. 3) . We conclude that the lack of synergy between comD Ϫ and comB Ϫ cells is not likely due to lack of comD gene expression in comB Ϫ cells and vice versa.
The comD and comB transcripts are enriched in prestalk cells
Following aggregation, Dictyostelium cells sort into defined tissues. The anterior region contains only prestalk cells and the posterior is enriched in prespore cells. The spatial localization of comD and comB mRNA was tested by in situ RNA hybridization to whole-mount wild type aggregates. comD mRNA is enriched in the anterior prestalk region without preference to any of the prestalk subtypes (Fig. 4A) . The strongest staining was seen in 16 -24 structures, coincident with the second peak of comD mRNA accumulation (Fig. 3) .
The spatial distribution of comB expression was investigated with the antisense comB probe p2 (Fig. 2B) . Fig. 4B shows that the coding, sense mRNA is enriched in prestalk cells and staining is evident in the most anterior region of the finger stage structures, Mexican hat structures, and culminants. In the fruiting body, comB is enriched in the upper and lower cups (Fig. 4B) . In situ RNA hybridization with probe p3 revealed that the antisense transcript was ex- pressed throughout the developing structure, slightly enriched in the prestalk region (Fig. 4C) .
The in situ hybridization data show that both comD and comB are expressed in a cell type-specific manner, indicating a late function for these genes in prestalk cells.
Developmental initiation and cell type divergence in comD
Ϫ and in comB Ϫ cells
To test whether the mutant cells are capable of entering development and differentiating with proper timing, we analyzed RNA from the mutant cells by Northern blots with probes for the vegetative gene cprD (Souza et al., 1998) , the prestalk-specific gene ecmA (Jermyn et al., 1987) , and the prespore-specific gene cotB (Fosnaugh and Loomis, 1989) . We found that comD Ϫ cells expressed cprD at the vegetative stage and the level of the transcript diminished until it disappeared at 6 -8 h of development (Fig. 5) . This pattern was indistinguishable from the wildtype (Fig. 5) , suggesting that the mutant is capable of undergoing a proper transition between growth and development. In comB Ϫ cells, cprD expression was extended by 2-4 h, indicating a pos- . The IS320 mutant isolated in the genetic screen resulted from a pBSR1 insertion 2133 bp downstream of the start codon with a deletion of at least 3 kb of genomic sequence 3Ј to the insertion. In the comD Ϫ bs r mutant strain, and the null strain comD Ϫ pyr5/6 ϩ , the respective vectors pBSR1 and pRHI13 (Insall et al., 1994b) were inserted 1298 bp downstream of the start codon (comD). C represents ClaI sites at positions 631 and 2446. The cDNA probe, a 1.8-kb ClaI fragment from a cDNA clone, was used to probe Northern blots in Fig. 3 . The antisense RNA probe (arrow) was used for in situ hybridizations in Fig. 4 . The white bar below the probes represents the predicted ComD amino acid sequence; putative transmembrane domains are represented by black boxes and numbers represent amino acids at the beginning and at the end of the protein and flanking the transmembrane region. GenBank Accession no. AY220914. (B) The top bar represents the nucleotide sequence of comB; numbers indicate nucleotides relative to the beginning of the ORF. Gray areas represent the ORF; white areas represent UTRs and 3 introns at nucleotides 130 -285, 334 -412, and 446 -534 . In comB, the vector pBSR1 inserted 1298 bp downstream of the start codon. Plasmid rescue with HindIII (sites at nucleotides 468, 5169, and 6270 marked H) generated a knockout vector for subsequent disruptions. Strain DG1016 has an insertion 2076 bp downstream of the start codon. Probes: cDNA probe p1 (gray bar), antisense RNA probe p2,, and sense RNA probe p3 (arrows) were used for Northern blots and in situ hybridization (Figs. 3 and 4) . The white box below the probes represents the predicted ComB amino acid sequence. The Rab-homology domain (amino acids 1-200) is represented by a dotted box and the putative transmembrane domain (amino acids 1452-1488) is represented by a black box. Numbers represent amino acids at the beginning and at the end of the protein and the respective domains. GenBank Accession no. AY220913. (C) Multiple alignments of the first 168 amino acids of ComB with the corresponding sequences of Rab and other GTP-binding proteins. Dark gray indicates sequence identity; light gray indicates sequence similarity. The bottom rows indicate consensus sequences and underlined amino acids indicate regions that participate in nucleotide binding. Rab6A_Mou: Ras-related protein Rab-6A (sp|P35279|), Mus musculus; Rab3A_Rat: Chain A of Rab-3A (pdb|3RAB|A), Rattus norvegicus; Rab26_Rat: Ras-related protein Rab-26 (sp|P51156|) Rattus norvegicus; Rab5c_Mou: Chain A of Rab-5c (pdb|1HUQ|A),|), Mus musculus; Rab18_Cae: RAB18 (gb|AAB38279.1|), Caenorhabditis briggsae; GBP_Ara: GTP-binding protein (ref|NP_180943.1|), Arabidopsis thaliana. sible delay in the growth to development transition. In comD Ϫ cells, the prespore specific mRNA cotB was induced at 8 h followed by the expression of the prestalkspecific ecmA mRNA at 12 h, similar to the pattern of gene expression in the wildtype (Fig. 5) . In the comB Ϫ cells, the prespore-specific mRNA of cotB is induced at 12 h, followed by the expression of the prestalk-specific ecmA mRNA at sixteen hours of development (Fig. 5) . This pattern of expression is delayed by about 4 h compared with the wild type and with the comD Ϫ cells (Fig. 5) . These results indicate that development of the comB Ϫ mutants is delayed by 2-4 h.
In the wild type, there is a dramatic decrease in cotB and ecmA expression at 24 h. The two mutant strains do not exhibit this decrease, probably because they do not undergo terminal differentiation. Altogether, the results presented in Fig. 5 indicate that the transition from growth to development and the subsequent expression of cell type-specific markers occurs in both mutants, although the latter is somewhat delayed in comB Ϫ cells.
Celltype-specific defects of the comD Ϫ cells
To test whether comD Ϫ cells suffer from cell-type-specific defects, we disrupted comD in lacZ-marked strains and followed cell-type differentiation in pure populations and in chimerae with unmarked wild-type cells. Fig. 6 shows comD Ϫ cells expressing a prestalk marker (Fig. 6A) , a prespore marker (Fig. 6B) , or a ubiquitous marker (Fig. 6C) . Consistent with the Northern blot analyses (Fig. 5) , pure comD Ϫ cells are capable of expressing the prestalk-specific marker ecmA/lacZ and the prespore-specific marker cotB/lacZ ( Fig. 6A and B, respectively). After 16 h, the comD Ϫ structures exhibit a developmental delay, as they develop tight aggregates instead of fingers, but the comD Ϫ prestalk cells sort properly to the tip with some anterior-like cells (ALC) scattered throughout the rear of the structure (Fig. 6A, Pure) . At 24 h, comD Ϫ cells arrest at the culminant stage with short stalk-like structures. Development in chimerae with wild-type cells rescues the aberrant morphology. After 16 h in chimerae, comD Ϫ cells express the prestalk marker ecmA/lacZ in a wild-type pattern, and at 24 h, they form properly proportioned fruiting bodies with vacuolized, ecmA/lacZ-expressing comD Ϫ cells throughout the stalk (Fig. 6A, Mix) . These results indicate that the stalk differentiation defect of comD Ϫ cells is non-cell-autonomous, because the mutant cells do not form stalks in the pure population but can do so in chimera with wild type cells.
The prespore-marked comD Ϫ cells reveal no obvious defects in prespore-specific gene expression when developed in pure population (Fig. 6B, Pure) . The cotB/lacZ-positive cells sort properly to the posterior of the 16-h aggregates and of the 24-h culminants. A majority of the cells are stained, suggesting proper cell-type proportioning. Surprisingly, in chimerae with wild-type cells, the prespore-labeled comD Ϫ cells are absent from the anterior part of the prespore zone (Fig. 6B , Mix). To determine whether the mutant cells are excluded from this region, or whether they are present but incapable of expressing the lacZ marker, we generated the comD Ϫ mutation in a ubiquitously marked strain (actin15/lacZ) and developed Fig. 3 . Developmental regulation of comD and comB mRNA. Total RNA samples from wild type (WT), comD Ϫ , and comB Ϫ cells were collected at 2 h intervals throughout development. Alternating time points are indicated (the 14-and 18 h samples are missing from the comD Ϫ cells, the 2 h sample is missing from the comB Ϫ cells). Northern blots were hybridized with a radiolabeled comD cDNA probe (top panel, comD) . Identical blots were hybridized with radiolabeled probes against comB: the double-stranded cDNA probe p1 to detect both sense and antisense transcripts, the single-stranded antisense RNA probe p2 to detect sense RNA and the single-stranded sense RNA probe p3 to detect antisense RNA. Probes are as indicated in Fig. 2 . Methylene-Blue stained 28S rRNA is shown in the bottom panels as a loading control (rRNA). Size markers are indicated on the left. them in chimerae with unmarked wild type cells (Fig. 6C) . Again, the labeled comD cells are excluded from the anterior part of the prespore region, suggesting that comD is required cell-autonomously for cells to differentiate as prespore cells in the anterior prespore region, but not in the posterior prespore region.
Based on the results presented in Fig. 6 , we propose that the anterior prespore cells are distinct from the posterior prespore cells at the slug stage and subsequently in the sorus. We conclude that there is no cell-autonomous defect in prestalk differentiation, despite the finding that the comD transcript is prestalk enriched (Fig. 4A) . In contrast, there is a cell-autonomous prespore defect, leading to the exclusion of comD cells from the anterior prespore region.
Cell-type specific defects of the comB Ϫ cells
To test the cell-type specific consequences of the comB Ϫ mutation, we disrupted comB in lacZ-marked strains and followed cell-type differentiation in pure populations and in chimerae with unmarked wild-type cells (Fig. 7) . When comB is disrupted in a prestalk-marked strain, the mutants express the marker, exhibit a developmental delay at 16 h of development (loose aggregates instead of fingers), and eventually arrest at the culminant stage after 24 h of development (Fig. 7A, Pure) . In chimerae with wild-type cells, the ecmA/lacZ-positive mutant cells are excluded from the tip at the finger stage (16 h) and are unable to form vacuolized stalk cells at the fruiting body stage, although un- Fig. 4 . Cell type specificity of comD and comB mRNA. (A) Whole-mount in situ RNA hybridization was performed with an antisense RNA probe against comD (see Fig. 2A ). Staining is evident in the prestalk region (arrows) of the Mexican hat structure (M) and the culminant (C). Bar, 0.5 mm. (B) Whole-mount in situ RNA hybridization with the comB-specific antisense RNA probe p2 (see Fig. 2B ) indicating prestalk-enriched staining (arrows). The developmental stages are: finger (F), Mexican hat (M), early culminant (C), and fruiting body (FB). (C) Whole-mount in situ RNA hybridization using the comB-specific sense RNA probe p3 (Fig. 2B) indicating staining throughout the structure. Bar, 1 mm (for B and C). Fig. 5 . Vegetative and cell-type specific gene expression. Northern blots from wild type (WT), comD, and comB RNA were simultaneously probed with radiolabeled cDNA probes for the vegetative gene cprD, the prespore-specific gene cotB, and the prestalk-specific gene ecmA as indicated. Methylene-Blue stained 28S rRNA is shown below as a loading control (identical to data from Fig. 3 ). Size markers are indicated on the left. vacuolized stain cells are clearly present in the stalk (24 h) (Fig. 7A, Mix) . They do participate in the upper cup and in the lower cup (Fig. 7A, insert) . In order to determine whether the mutant cells are excluded from the tip, or whether they are present in the tip, but do not express ecmA, we disrupted comB in a ubiquitously marked strain. When the comB Ϫ [actin15/lacZ] cells develop in chimerae with wild type cells, they are excluded from the tips (Fig. 7C , Mix) and stalks (data not shown) of the developing structures. Thus, comB Ϫ cells exhibit a cell-autonomous defect in prestalk and stalk cell differentiation, consistent with an inability to differentiate as PstA cells, the subset of stalk cells which form the tip and stalk (Early et al., 1993) .
We also disrupted comB in a prespore-marked strain (Fig. 7B) . The mutant cells express the prespore marker with normal timing and sort properly to the posterior of the developing structures (Fig. 7B, Pure) . In chimerae with wild-type cells, the mutants exhibit a wild-type pattern of prespore-specific cotB/lacZ expression (Fig. 7B, Mix) . Therefore, the prespore defect of comB Ϫ cells is noncell-autonomous, whereas the prestalk defect is PstA-cellautonomous.
Microarrray phenotypes of comD
Ϫ and comB Ϫ Our initial hypothesis was that comD and comB function in one pathway; but we found that the mutant strains exhibit distinct cell-type specific defects late in development (Figs.  6 and 7) . Support for the hypothesis came mainly from the failure of the mutants to synergize. To test the hypothesis further, we used microarrays to compare the effects of the mutations on gene expression. Expression arrays detect gene expression on a genome scale and can be used as phenotypes (Hughes et al., 2000; Van Driessche et al., 2002) . If comD and comB have a common function, the mutant strains are expected to exhibit similar transcriptional phenotypes.
We collected mutant and wild-type cells at the vegetative stage and every 2 h throughout development, extracted RNA, and analyzed it with a microarray containing over 7000 targets (Van Driessche et al., 2002) . Fig. 8A shows the expression of 3 types of genes, each type consisting of 500 -1000 genes. In the wild type samples, type I genes are expressed at a lower than average level in the beginning of development and at a higher than average level after the aggregation stage at 8 h of development (Van Driessche et Fig. 7 . Cell type-specific effects of the comB mutation. lacZ-marked comB cells were developed on filters for 16 and 24 h in pure populations or in 1:1 chimeric mixtures with wild-type cells. Whole mounts were fixed, permeabilized, and stained with X-gal. (A) comB expressing the prestalk and stalk marker ecmA/lacZ. In the 24-h mix, the insert shows an entire fruiting body at 1.5 ϫ lower magnification and the large frame shows unvacuolized cells inside the stalk tube at 2 ϫ higher magnification than the rest of the frames. (B) comB expressing the prespore and spore marker cotB/lacZ. (C) comB expressing the ubiquitous marker actin15/lacZ. The arrows indicate the unstained PstA regions. Bar, 1 mm. al., 2002). Type II genes are expressed at a lower than average level during growth, induced to a higher than average level immediately after starvation, downregulated at the aggregation stage and upregulated again during culmination. The type II genes are also enriched in spores or in stalk cells at the end of development (Van Driessche et al., 2002) . The type III genes are expressed at higher than average levels during growth and prior to the aggregation stage and are downregulated after aggregation (Van Driessche et al., 2002) . In each group, the genes are ordered from top to bottom based by their fit to the average expression pattern of the group.
The genes in the three groups were traced in the comD Ϫ and in the comB Ϫ data and the expression pattern of each gene was plotted in the same order shown for the wild type genes for comparison. Overall, we found that the two mutants express the developmentally regulated genes in a similar manner to the wild type. In the wild type, the largest transition in gene expression occurs at 8 -12 h (Fig. 8A) , coincidently with the transition from unicellular to multicellular development (Van Driessche et al., 2002) . In the mutants, that transition is not as sharp as it is in the wild type (Fig. 8A) , indicating that the transition from unicellular to multicellular development is somewhat compromised in both mutants. We also found that, in comB Ϫ cells, the timing of the transition was delayed by about 4 h (Fig. 8A) . This finding is consistent with the delay observed in the morphological progression of comB Ϫ development. The most significant difference was observed in the stalk and spore enriched genes of type II. The comD Ϫ mutants do not induce the second peak of expression of these genes, consistent with their inability to differentiate as spores and stalks. Surprisingly, the comB Ϫ mutants exhibit a precocious induction of that second peak, followed by downregulation at 24 h of development (Fig. 8A) . This finding indicates that the mutant cells experience a precocious wave of cellular differentiation, followed by an apparent dedifferentiation before they arrest at the culmination stage of development. The similarity between the transcriptional profiles of the mutants early in development and the dissimilarity at later stages support the idea that comD and comB participate in one pathway early in development and their functions diverge at later stages.
The above conclusions were derived from the expression of about 2500 selected genes. We also performed a more comprehensive comparison of the 2 mutants and the wild type (Fig. 8B) . Considering all the genes in the microarray, the global gene expression at each time point in the mutants was compared with all of the wild type time points and the most similar time points were determined and plotted. In the first 4 h of development, there is no significant difference between the 2 mutants and the wild type. Later on, the comD Ϫ mutant profile continues to be very similar to the wild type profile until the 14-h time point, where it is significantly accelerated. On the other hand, the comB Ϫ profile indicates a marked delay in development at 6 h (Fig.   8B ). This effect is consistent with the delayed transition in the expression of the selected genes shown in Fig. 8A . After that time, the comB Ϫ cells continue their development with normal timing as indicated by the slope of the curve between 6 and 10 h. At 12 h, development of the comB Ϫ cells is accelerated and becomes faster than the wild type and similar to the comD Ϫ mutant, and at 16 h, development of the comB Ϫ cells is accelerated even relative to the comD Fig. 8 . Transcriptional profiling of comD Ϫ and comB Ϫ cells with microarrays. Wild type (AX4) and mutant (comD Ϫ and comB Ϫ ) cells were developed for 24 h. Total RNA samples were collected at 2-h intervals and analyzed with a microarray of nearly 8000 hybridization targets. The data are an average of at least two independent experiments, each performed in duplicate. (A) Data from a selected set of developmentally regulated genes plotted to indicate the level of gene expression where blue indicates lower than average levels and yellow indicates higher than average levels of gene expression as indicated by the scale below the charts (Van Driessche et al., 2002) . In each panel, a column represents a time point and a row represents a gene. The data from every gene are normalized to the corresponding gene mean in the AX4 data set. Roman numerals indicate groups of gene expression in the wild type: I, 1018 genes whose expression is up-regulated after 8 -12 h of development; II, 552 genes whose expression is upregulated immediately after starvation, downregulated at 8 -12 h of development and upregulated again toward the end of development; III, 1063 genes whose expression is downregulated at 8 -12 h of development. (B) The similarity (Pearson correlation) between all the genes at each time point in the mutant dataset (x-axis) and all the genes at each time point in the wild type dataset (y-axis) was calculated and plotted in comparison with the (theoretical) similarity between two identical time courses (fine dashed line). comD, solid line, black diamonds; comB, dashed line, white squares. The AX4 data were published previously (Van Driessche et al., 2002) and were reanalyzed in the context of this experiment. mutant (Fig. 8B) . The latter observation is consistent with the precocious expression of the spore and stalk enriched genes shown in Fig. 8A (type II) . After 18 h, development of both strains is arrested at a stage that is most equivalent to the 16-h time point of the wild type (Fig. 8B) . These results suggest that comD and comB have similar effects on developmental timing during starvation (0 -4 h) and during multicellular development (12 h and later), but have different effects during aggregation (around 6 h).
Discussion comD and comB define a novel communication pathway
We propose that comD and comB are components of one signal production pathway and that their absence results in the lack of two related intercellular signals. This idea is supported by several lines of evidence.
Mutations in either comD Ϫ or comB Ϫ result in similar phenotypes. Both comD Ϫ and comB Ϫ mutants fail to produce spores when developed in pure populations but sporulate well in chimerae with wild type cells. Both mutant strains also synergize with all of the other mutants we found in our screen, but fail to synergize with each other. Similar analyses have been described in Dictyostelium mutants that fail to aggregate (Sussman, 1954; Sussman and Lee, 1955) and in communication-deficient mutants of the bacterium Myxococcus xanthus (Kaiser et al., 1985) . In the latter case, results of the mixing experiments were later validated by identification of the actual extracellular signals . Therefore, this type of analysis provides strong support to the idea that two nonsynergizing communication mutants define genes that function in a pathway that is responsible for the production of one signal. We argue that this rationale applies to comD and comB as well.
The expression pattern of comD and comB mRNA is also consistent with their proposed function in a common pathway. Both transcripts are detectable during the preaggregation stage and both persist throughout the duration of development. In both cases, the highest level of mRNA accumulation in wild type cells precedes the first macroscopic defects in the respective mutant, suggesting that the genes have a function early in development. Later in development, accumulation of comD and comB is enriched in prestalk cells, consistent with a common pathway in that cell type.
Microarray analysis of the comD Ϫ and comB Ϫ mutants revealed that the two are quite similar to each other at the onset of development and at the end of development, providing additional support to the idea that the genes have a common function. This is based on the notion that transcriptional profiling with microarrays can serve as a general, functionally unbiased phenotyping tool for mutant analysis (Hughes et al., 2000) and on the demonstration that this approach is applicable to Dictyostelium development (Van Driessche et al., 2002) .
comD and comB have additional distinct roles in development
Our experimental data also contain evidence against the notion that comD and comB participate in one pathway. First, the mutants exhibit distinct timing defects at 6 -10 h of development. comD Ϫ cells develop with apparently normal timing and arrest at the early-culminant stage of development, whereas comB cells exhibit attenuated development at the aggregate stage and accelerated development later on, before they reach their terminal early-culminant morphology. Second, the mutants exhibit different cellautonomous defects. comD Ϫ cells fail to participate in the anterior portion of the prespore zone, but they are capable of differentiating as spores and stalk cells outside of that zone in chimerae with wild type cells. On the other hand, comB Ϫ cells fail to participate in the PstA zone of the prestalk region and fail to participate in the stalk of the mature chimeric fruiting body, but they are capable of occupying all the other parts of the developing organism. The strongest argument against the hypothesis that comD and comB are components of one signal production mechanism is that we do not know what are the signals that are missing in the mutants. We have not addressed this point experimentally yet.
Taken together, the experiments suggest that the two genes have a common function early in development and that one or both of them perform a distinct function later in development. Direct characterization of the proposed signal will provide a conclusive answer.
The function of comD and comB
The late function of comB can be explained in terms of its cell-autonomous role in the differentiation of PstA cells, because there is a substantial body of evidence showing that normal function of prestalk cells is essential for proper sporulation. Expression of a dominant-negative allele of pkaR in prestalk cells results in a developmental arrest at the finger stage and spores are not produced, but if the mutant cells are developed in chimera with wild type cells, they are capable of producing spores (Harwood et al., 1992) . Likewise, selective killing of prestalk cells by expression of the toxic gene ricinA under the prestalk specific ecmA promoter results in a marked, non-cell-autonomous reduction of sporulation (Shaulsky and Loomis, 1993) . Finally, inactivation of the prestalk-specific genes carB or tagB leads to a developmental arrest at the tight aggregate stage and to lack of sporulation, but development of these mutants in chimerae with wild type cells restores sporulation (Saxe III et al., 1993; Shaulsky et al., 1995) . Therefore, it is conceivable that the prestalk specific gene comB is essential for PstA differentiation, and that in its absence, a PstA-dependent signal is not produced and sporulation cannot ensue.
The comB gene encodes a putative single-pass transmembrane protein, which bears similarity to small GTPase proteins of the Rab family. Proteins of this family are involved in intracellular vesicle trafficking and the larger Ras family is involved in numerous signaling pathways (Takai et al., 2001) . If ComB were a plasma-membrane protein, its predicted topology would place the GTPase domain on the outer surface of the cells, but it is possible that ComB is associated with an intracellular membrane and that its involvement in signal production and secretion is related to vesicle transport.
We do not have a straightforward explanation for the function of comD in development, because the comD transcript appears to be prestalk specific, but the only cellautonomous phenotype in the mutant is prespore specific. On the other hand, sporulation of the mutant is restored upon development in chimerae with wild type cells, indicating that the cell-autonomous defect may only affect the localization, but not the terminal differentiation of the mutant prespore cells. We propose that early in development, comD is expressed in all cells and that later on its expression is reduced in prespore cells and increased in prestalk cells. This idea is supported by the bimodal pattern of comD gene expression, with peaks at 8 and 16 h of development and a low point at 12 h. We also propose that the early expression is essential for the differentiation of some, but not all, of the prespore cells and that all of the prespore cells downregulate the expression of comD late in development. Continued or enhanced expression of comD occurs in prestalk cells and is essential for the production of a prestalk signal for sporulation, accounting for the non-cell-autonomous sporulation defect of the null mutant. We propose that ComB also participates in the production of that signal or of a closely related signal. The sequence similarity of comD suggests that the encoded protein is a 14-pass membrane protein, so we can speculate that it may facilitate transport of the signal.
Alternative hypotheses to the proposed common soluble signal are that comD and comB participate in the removal of an extracellular toxin that would otherwise delay development or that they are involved in a cell-cell adhesion mechanism that is essential for development. Our data do not provide direct evidence for or against these formal possibilities.
A definition of two prespore cell subtypes
The prestalk cell population consists of several subtypes that are distinguishable by their spatial localization in the developing aggregate and by the expression of molecular markers (Early et al., 1993; Jermyn et al., 1989 Jermyn et al., , 1996 Sternfeld and David, 1982) . Prespore cells are also heterogeneous, but the details of that heterogeneity are not clearly defined. Promoter analysis of the cotC gene suggested that prespore cells experience a signal gradient that distinguishes the anterior portion of the prespore region from the posterior portion (Haberstroh and Firtel, 1990) . However, reaggregation and transplantation experiments have argued against the gradient theory and suggested that the cells in the anterior and the cells in the posterior region of the prespore region are intrinsically different from each other (Buhl et al., 1993) . Support for the latter idea in mutant data was first provided in mixing experiments of lagC Ϫ cells with wild type cells (Dynes et al., 1994) . When lagC Ϫ cells were labeled with a prespore cell marker and mixed with wild type cells, the mutant cells occupied the posterior portion of the developing organism. Although this observation is consistent with the idea of two subtypes of prespore cells, the lagC Ϫ cells did not sporulate in the chimera, suggesting that they may have been merely excluded to the posterior part of the organism (Dynes et al., 1994) . Other reports of mutants that fail to develop well in chimerae have shown that the mutant cells sometimes become sequestered in the posterior region before they become completely excluded from the developing organism (Insall et al., 1994a) . In contrast, the comD Ϫ mutation clearly defines two types of prespore cells. When mixed with wild type cells, comD Ϫ mutant cells fail to occupy the anterior region of the prespore zone at the finger stage and in the fruiting body, but they occupy the posterior region, express the prespore marker gene cotB and, most importantly, differentiate into viable spores. Following the nomenclature of prestalk cells (Sternfeld and David, 1982) , we propose to name the two populations anterior prespore cells (APC) and posterior prespore cells (PPC).
Screens for communication mutants
Genetic screens focused on intercellular communications have been performed in other microbial developmental systems. In Myxococcus, they have resulted in the description of a system that utilizes amino acids as signals for the initiation of development (Kaiser, 1986) . Early work in Dictyostelium demonstrated the feasibility of the approach but did not result in the identification of specific genes (Sussman, 1954; Sussman and Lee, 1955) . More recently, a screen for cheater mutants in Dictyostelium discovered one gene, chtA, which encodes an F-box protein (Ennis et al., 2000) . A null mutation in chtA results in a non-cell-autonomous defect in sporulation where the mutant cells take over the spore population in chimerae with wild type cells (Ennis et al., 2000) . Our screen is the first large-scale REMI mutagenesis designed specifically to discover intercellular communication genes. In other organisms, such genes are usually discovered through screens for general developmental defects, but that approach may fail to describe all the possible developmental signaling genes. Our screen is therefore complementary to the work in other organisms where generating chimerae is more difficult than in Dictyostelium.
A disadvantage of our screening approach is that it only allows us to isolate signal production mutants and not signal transduction mutants. For example, one of the genes we recovered in our screen, tagB, has been described before as a signal production mutant (Shaulsky et al., 1995) . The signal transduction mechanism that is responsible for the reception and integration of tagB consists mostly of genes that have cell-autonomous defects in sporulation and in developmental timing (Shaulsky et al., 1998; Wang et al., 1996) . Fortunately, the sporulation defects that characterize all of the mutants in our screen make them amenable to selection of suppressors that restore sporulation .
